In the present paper, ball milling is used to produce Ni 49.8 Mn 28.5 Ga 21.7 particles of micrometer size. Although the characteristics of transformation are not observed in the as-milled particles from 150 to 523 K from differential scanning calorimetry (DSC) study, the particles exhibit the same transformation behaviour as the bulk sample after annealing at 1073 K for 2 h. The as-annealed particles show good thermal cycling stability even after five thermal cycles. Temperature memory effect during the reverse martensitic transformation is found in the as-annealed particles. The particles exhibit regular shape, with 10M martensite structure at room temperature.
Introduction
Since NiMnGa ferromagnetic shape memory alloy (FSMA) possesses a large magnetic field induced strain (MFIS) in an external magnetic field, more attention has been attracted to utilize this material for practical applications [1] [2] [3] [4] . However, the serious brittleness of both single-crystalline and polycrystalline bulk NiMnGa alloys has limited their application. To solve this problem, using fine NiMnGa particles to reinforce a polymer matrix has been explored recently [5] [6] [7] [8] . The NiMnGa particles/polymer composite exhibits a large MFIS, moreover, it can improve the formability and reduce the ac eddy-current losses [9] . Solomon et al investigated the microstructure and magnetic properties of fine particles fabricated by spark erosion [9] [10] [11] . Wang also studied the intermartensitic transformation of NiMnGa particles by grinding a single crystal [12] . However, conventional ball milling is seldom reported to prepare NiMnGa particles up to date. Compared with spark erosion, ball milling is thought to be more convenient and cheaper, moreover it is more suitable for industrial production. The aim of this paper is to clarify the phase transformation and microstructure of Ni 49.8 Mn 28.5 Ga 21.7 particles obtained by ball milling.
Experimental
A button-like polycrystalline ingot of Ni 49.8 Mn 28.5 Ga 21.7 alloy was prepared by an arc-melting furnace under argon atmosphere using high purity elements of 99.99%Ni, 99.7%Mn and 99.99%Ga. Then the ingot was annealed at 1073 K for 10 h in a vacuum quartz tube for homogeneity, and quenched in water. The ingot is mechanically crushed and followed by ball milling to achieve particles with a size on the micrometer scale. These particles are annealed at 1073 K for 1.5 h in the vacuum quartz tube and then cooled in air. The phase transformation temperatures of the samples were measured by Perkin-Elmer differential scanning calorimetry (DSC) with a cooling/heating rate of 20 K min −1 . The crystal structure at room temperature was measured by powder x-ray diffraction (XRD) with Philips Panalytical X'pert PRO x-ray diffractometer using Cu K α radiation. Particle morphology was observed by Cambridge-S240 scanning electron microscope (SEM) and granularity distribution was measured using a Rise-2002 laser particle size analyser.
Results and discussion
Figures 1(a) and (b) show the Ni 49.8 Mn 28.5 Ga 21.7 particles prepared by ball milling. It can be seen that the shape of the particles is regular. The particle size ranges from several micrometers to 50 µm. The fracture surface feature caused by ball milling and crushing can be seen clearly on the surface of most of the particles. In contrast, the particles produced by spark erosion are smaller and predominantly spherical with some small flake particles attached [9] . Figure 2 shows the room-temperature XRD patterns for as-milled and as-annealed particles. As shown in the pattern of the as-milled sample, only one main peak appears at (200) plane position with a wide diffusion diffraction feature indicating an amorphous or disordered state for this sample. A similar result has also been reported by Bennett et al [13] , in which the as-sparked particles show paramagnetic behaviour caused by the amorphous or disordered structure. It is assumed that the high quenching rate of the spark erosion process results in this amorphous structure. For the present sample, it seems to be that the high speed collisions during ball milling result in the disorder of the crystal structure inside most of the particles. DSC measurement between 150 and 523 K shows no transformation. To crystallize the as-milled particles, the sample is annealed at 1073 K for 2 h. By referring to Bennett's work [13] , the XRD patterns obtained at room temperature for the annealed particles can be indexed as the 10M (five-layer martensite) structure with the following lattice parameters: a = 0.421 nm, b = 0.560 nm, c = 2.109 nm and β = 90
• . To understand the martensitic transformation (MT) behaviour of the annealed ball milled particles, thermal cycling stability and temperature memory effect (TME) are investigated with DSC. Figure 3 depicts the effect of thermal cycling on DSC curves of Ni 49.8 Mn 28.5 Ga 21.7 particles annealed at 1073 K for 2 h. It can be seen that the critical temperatures, M p and A p , the transformation hysteresis, the exothermic heat of the forward MT and the endothermic heat of the reverse MT show almost no significant difference even after five thermal cycles. This feature indicates good thermal cycling stability of the MT of the as-annealed particles. The MT finishing temperature is about 297 K which is higher than room temperature. It means that the particles exhibit the martensite state at room temperature, which is coincident with the XRD results. As indicated by the DSC curves, the particles annealed at 1073 K exhibit the typical thermal elastic MT which is similar to that of the Ni 49.8 Mn 28.5 Ga 21.7 alloy. The characteristic temperatures of the as-annealed particles are a little higher than those of the bulk sample. As we know, the NiTi shape memory alloys demonstrate a unique phenomenon known as thermal arrest memory effect (TAME) [14] . That is, an incomplete transformation cycle induces a kinetic stop during the following reverse transformation. The kinetic stop has been regarded as a memory of the previous arrest temperature during the reverse transformation [14] [15] [16] . This phenomenon has also been defined as the step-wise martensite to austenite reversible transformation (SMART) [15, 16] or TME [17] . It has also been revealed that the release of the stored elastic strain energy introduced by the incomplete transformation cycle results in the reverse transformation starting temperature of the remaining martensite being a little higher than the interruption temperature [17] . Using similar procedures, the TME of NiMnGa particles is studied. The DSC curves of Ni 49.8 Mn 28.5 Ga 21.7 particles annealed at 1073 K for 2 h illustrated in figure 4 show the typical TME. It can be seen from the DSC curve that at two different interruption temperatures (310 and 312 K), the original single peak upon heating divided into two peaks, indicating that a kinetic stop appears in the reverse transformation. As discussed above, this phenomenon is called TME. However, the TME is not found in the forward transformation upon cooling, which is similar to NiTi alloys. The corresponding DSC results are shown in figure 5 ; no kinetic stop in the second thermal cycle is detected. particles is 10M martensite at room temperature. 3. Ni 49.8 Mn 28.5 Ga 21.7 fine particles after annealing undergo thermal elastic transformation and exhibit good thermal cycling stability. TME can only be seen in the transformation from martensite to parent phase rather than in the forward MT.
Conclusions

